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ELLIPTIC CONES ALONE AND WITH WINGS

By LmANDH. JOEGDNSEN

SUMMARY

To help fill the gap in. the knowledge oj aerodynami~ of
shapes intermediate between bodies of revohtion and jld
tn”angutarw“ng8,jorce and momeni characteridimjor elliptic
cones have been expm”men.tallydetermind for Mach numberw
oj 1.97 and 2?.94. EUiptic cones having cro8s-seciiOnalaxi$
ratiosjrorn 1 through 6 and un”thLm.gtluand bwe areag equal
to circular coneg oj$nenem raiiog 3.67 and 6 have been dudied
,for anglesojbank ojOOand90°. Elliptic and cir&r mum in
combination m“th triangular m“ngs oj aspect ratws 1 and 1.6
alBo have been considered. Thz an.gkoj-attack range was
jrom 0° to about 16°, and the Reynolds number was 8XI0’,
based on model length. In addition to thejorca and monwru%
at angle oj attack, prewure distributimw-for elliptic cones at
zero angle oj attack have been a%mnined.

The results oj this investigation indicaie thut there are dis-
tinct aerodynamicadvantagesto tlu me of elliptic cons. With
their major cross-sectional a2zs horizontal, they develop greater
lijt and have highw lij%o?ragratios than circular cones oj tb
.mrnejineness ratio and volume. In cornbination with tri-
angular wings oj low aapectratio, they a.ko develop higher l~jt-
drag ratios than circular cones with the same wings. For
winged a?lipttk cons, t]LiS increase in lajldrag ratio results
bothjrorn lower zero-lz~ drag and drag due to li$. Visuu.l-
jlow studies indicaie that, became oj better &mnliniW in the
crossjlow plane, vort~ flow is inhibifed marejor an eiliptic cone
with major ati in the plane oj tb wing thanfor a circular cone
with the same mung. As a result, vorhzcdragr&ing from lijl
is reduced. Shi~s in cenier of pressure with ch.mg~ in angle
oj attackand Mach number are s-nud.land abmdthe same m for
circular cones.

Comparison.s oj theoretical and qxrim.e-n.tal jorce and
moment characteristic for elliptic cones indide that simple
linearized (flat plale) wing theory is generally adequute even
jor relatively thick cones. Zero-lijl prtwure distributti and
drag can be compuled using Van Dyke’s second-order &m?.er-
body theory. For winged cir&r con.a, a mod@caiion oj the
,slend.w-bodytheory oj NACA Rep. 96,??resuk!sin good agree-
ment oj theory with experiment.

INTRODUCTION

Various theoretical studies have indicated that elliptical
cones have important aerodpmmic advantages over circulax
cones at supemonic speeds. At zero angle of attack, the
pressure drag of a cone of given length and base area de-
creases as the cross section is changed horn’ circular to flat

1Supemed=NACATecbnkal h’ote4CM5by LebmdH.Jomenmn,1967.
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of attack, it can be shownelliptical (refs. 1 to 4). At angle
from theory that elliptic cones produce large wins in lift and
liftdrag r;tio comp~red to cir&lar cones&& 1, 5, and 6).

Although there is a moderatq amount of theoretical infor-
mation applicable to elliptic cones (particularly for the case
of zero incidence), relatively little experimental data have
been obtained. There are some pressure-distribution data
in references 7 and 8. Experimental results presented by
Rogers and Berry (ref. 9) include pressure-distribution and
force data for a series of relatively flat winglike elliptic cones
having ratios of major-to-minor axes between 5.4 and 23.1.

. In order to provide information for more bodylike shapes
(shapes which night be adaptable for yse for manned entry
into planetary atmospheres), the present experimental in-
vestigation was performed. The aerodynamic characterist-
ics of a family of elliptic cones having ratios of major-to-
minor axes between 1 and 6 were measured. Also included
in this investigation is a study of the effects of adding tri-
angular wings to circular and elliptic cones of given length
and base area. Tests were made for hIach numbers of 1.97
and 2.94. The purpose of the present report is to discuss
the resuIting aerodynamic data and to compare theoretical
and experimental results.

SYMBOLS

A

A,
AP
Am

a
b

c

Cdc

C..

c.
c.,,
c.

ti
sspect ratio, ~

w
base area of cone, tib
plan-form area of cone
total wing plan-form area (including the part

within the body)
semimajor axis of elliptic cone
semiminor axis of elliptic cone

a9cd @+b2 sin%

crossflow drag coeflioient of cylinder

drag coei%cient, &
m

drag coefficient at zero lift

L
liftcoefficient, —QAb

lift coefficient for basic circular cone

pitching-moment cwfiicient about base of cone,
pitc -hmg moment

qmAJ
976



REPORT137&NATIONAII ADVISORYCObIbIITI’EEFOR AERONAUTICS

pitching-moment coefficient about base of basic
cirh.dar cone

pressure coefficient, ‘+

drag
diameter of cone at base
complete elliptic integral of second kind
length of cone
lift

maximum lift-drag ratio

maximum lift-drag ratio for basic circular cone

free-stream Mach number
free-stream static pressure
free-stream dynamic pressure
w_@ Semispm, measured from body center lide
Cartesian coordinates as shown in figure 1
center of pressure measured form cone vertex
half the distance between flow separation lines

on the cone at the base
half the distance between vortex traces on the

cone at the base
angle of attack measured between body

longitudinal axis and free-stream direction
(see fig. 1).

~~
wing semiapex angle
angle measured around base ellipse fkom hori-

zontal base ati to flow separation line on
cone

angle measured around base ellipse from hori-
zontal base axis to vortex trace on cone

modification factor to tako account of finite wing
mpect ratios

angle of bank about body longitudinal axis (see
fig. 1)

The positive directions of the angles and coefficients are
shown in figure 1.

APPARATUS AND TESTS

WIND TUNNEIS

The experimental investigation was conducted in the
Ames 1- by 3-foot supemonic wind tunnels no. 1 and no. 2.
Tunnel no. 1 is a closed-circuit, continuous+peration type
rmd is equipped with a flexible-plate nozzle that provides
a variation of Mach number horn 1.4 to 4.0. The Reynolds
number is changed by varying the total pressure within the
approximate limits of 1/5 of an atmosphere to 4 atmospheres.
Tunnel no. 2 is a nonreturn, intermittent-operation type
and is also equipped with a flexiblc+platenozzle that provides
n variation of Mach number from 1.4 to 3.8. Air for this
tunnel is obtained from the Ames 12-foot wind tunnel at
a pressure of about 6 atmospheres and is expanded through
the nozzle to the atmosphere. Changes in Reynolds number
are obtained by varying the total pressure.

Escept for vapor-screen tests, the water content of the
air in the 1- by 3-foot wind tunnels is maintained at less

FIGUREI.—Coordinate system and sign convention.

than 0.0003 pound of water per pound of dry air. Con-
sequently, the effect of humidity on the flow is negligible.

MODEIS

I?lan-form and end views of the models studied are shown
in figure 2. Three ellipbcone bodies (&, BS, and BJ ~vilh
a/bratios of 1.5, 3, and 6 had the same length and base arm
as the basic circular cone @l). Hence, the firmnessratio
of l/d=3.67 for the circular cone was also the oquivalont
fineness ratio for these elliptic conei In order to check
the effect of finenessratio on the aerodynamic characteristics,
an additional elliptic cone body (13G)with an a/bratio of 1.6
and a fineness ratio of 5 was also studied.

In addition to being tested alone, bodies B1 (a/b= 1,
l/d=3.67) and I& (a/b=3, l/d=3.67) were also tested with
triangukm wings (WI and W,) of aspect ratio 1 and 1.5,
With the major cross-sectional axis (a) of body BSmounted
horizontally in line with the wings, the Cofigumtions rwo
designated as BmW, and &W,. With the major LtiSof Bs
vertical to the wings, the configurations me clesignatod as
BmW1 and BWW*. The wing sections were flat plates with
leading and trailing edges beveled as shown in figure 2.

All of the models were sting supported from the rerw,
Bodies I& and B, had pressure ori.iicesdistributed ovor the
surfaces and were adaptable for both force and pressuro-
distribution tests.

TESTS

Force and pressure-distibution tests.—Forco data wcm
obtained in tunnel no. 2 for all the models fit free-strewm
Mach numbem of 1.97 and 2.94. The Reynolds number,
which was maintained constant for all tests, was 8X 10°
based on body length. Measurements of lift, ‘drag, and
pitching moment were taken for angles of attack from 0° to
about 16°. The elliptic-cone bodies were tested at angles
of bank of 0° and 90° (i. e., for +=0° and 90° as shown in
& 1). The winged elliptic cones were tested only with
their wings at +=OO. Bwe pressures from eight orifices
spaced around the inside of the base periphery of each body
were measured by photographic recording from a multiplc-
tube manometer board.

Presw.re-distribution data -were obtained in tunnel no. 1
for bodies Bs and B4at zero angle of attack and Mach number
1.97. The surface pressureswere measured by photographic
recording from a multiple-tube manometer system. The
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repeatability of both force and pressure measurements was
checked by m~king reruns for several contl.gnrations.

Vapor-screen tests,—To make the vortices shed from the
models at angle of attack tilble, the ‘hwpor-screen” method
(ref. 10) was used. With this tectilque, water vapor is
added to the tunnel air stream. This water vapor condenses
in the wind-tunnel test section to produce a fine fog. A
nmrow sheet of bright light, produced by high-intensity
mercury-vapor lamps, is projected through the tunnel
window in a plane perpendicular to the model longitudinal
asis. This plane of light appems as n uniformly lighted
screen of fog particles in the absence of a model. However,
with a model in the stream, the flow about the model aifects
the light scattered by the water particles, and vortices shed
from the model are visible as dark spots.

Vapor-screen tests were made in tunnel no. 1 for various
models at h!fach number 1.97 and a Reynolds number of
SX 10E. With the models at several angles of attack, the
vort es prLttems were photographed with a camera mounted
inside the wind tunnel 9 inches downstream horn the base
of the models.

Sublimation tests.—Another method of flow visualization
that was used was the sublimation tetilque (ref. 11) for
determiningg boundary-layer transition, flow separation, and
vortex traces on the surfaces of the models. The models
of this investigation, which were initially painted black,
were sprayed with a 4-percent solution of acenaphthene in
petroleum ether. This solution dries on contact with the
model surface and presents Qwhite appearance. The wind
tunnel is operated, and as the proce= of sublimation takes
place with the model in the tunnel, evidences of boundsry-
layer transition, separation, and vorta~ flow appear on the
model. Regions of high surface shear, such as turbulent
boundary layers and vortex traces, show up as dark areas,
whereas regions of htininarflow and separation remain white.
All sublimation tests were made in tunnel no. 1 at Mach
number 1.97.

REDUHION AND ACCURACY OF DATA

All of the pressure-distribution, force, and moment data
hnve been reduced to coefficient form and are referred to
the coordinate Wstem shown in figure 1. The base drag
was computed using the average base pressure and -was
subtmct ed from the total rmial-force balance rneasiirement,
so that the data presented are for forces ahead of the body
base.

The accuracy of the final data is Mected by uncertainties
in the mauwrement of the pressures, forces, and moments,
and in the determination of the stream static and dynamic
pressures used in reducing the data to coefficient form.
These individual uncertainties led to estimated uncertainties
which are listed in the following table:

I Coefficient Uncertain@

I
1

The values of angle of attack are estimated to be accurate
to within +O.lO. The variation of the free-stream Maoh
number in the region of the test models was less than +0.01
at Mach number 1.97 and less than +0.02 d Mach number
2.94.

RESULTS AND DISCUSSION

This section of the report is divided into three parts: (1)
experimental force and moment characteristics; (2) com-
parisons of theoretical and experimental pressure clistribu-
tions, forces, and moments; and (3) visual observations of
the flow over various models. The oqmrimental force and
moment chamcteristics are presented in figures 3 through 9;
comparisons of theory and eqerirnent are premnted in
figures 10 through 17; and photographs and measuremmts
from the visual-flow studies are presented in figures 1S
through 22.
.

EXPERIMENTAL FORCE AND MOMENT OHARAOTERISTIC-9

EfFect of axis ratio (a/b) .—The effect of change in cross-
sectional axis ratio (a/b) on the aerodynamic characteristics
of the elliptic cones of fineness ratio 3.67 is presented in
figures 3 and 4 for Mach numbers 1.9? and 2.94. For the
elliptic cones of figures 3 and 4 the lengths and base areas
are cotitant; hence, increases in a/6 result in increases in
plan-form area with the major ask, a, horizontal (~=0°)
and decreases in plan-form area with the major axis vertical
(4=90°). In view of this fact, it is not surprising that
with increase in a/b the lift coefficients (which are roferrecl
to base ma) increase appreciably at all angles of attack
for i#I=OOand decrease for 1#1=900(figs. 3(a) and 4(IL)).
The question arises, then, of whether or not the aerody-
namic eiliciency as determined by the lift-drag ratio also
cm be markedly increased by increasing a,/b. From figures
3(c) and 4(c) it is clear that, at least throughout the anglo-
of-attack range investigated, significant gains in lift-drag
ratio can be realized by increasing a/b from 1 to 0. In
fact, by merely changing a/bfrom 1 to 1.5 a gain in maxi-
mum L/D of about 25 percent rwdts. Furthermore, in-
creasing a/bfrom 1 to 3 results in about a 76-percent incroaso
in maximum L/D at Mach number 1.97 and in about a (30-
percent rncrease at Mach number 2.94. It is clear thut, in
many cases where a body of given volumo is required, it can
be aerodynamically beneficial to deviate from a circular cross
section.

The effect of axis ratio on pitching moment and center of
pressure is shown in fignres 3(d), 3(e), 4(d), and 4(13), For
all of the elliptic cxm~ the center of pressuremoves very little
with hngle of attack-. With the major axis horizontal tho
center of pressure changes little with a/band, as for the circu-
lar cone, is located at about the centroid of plan-form mea
for both Mach numbers 1.97 and 2.94. Howeverj with tho
cones rotated to += 90°, the center of pressure moves rem-
ward from the centroidal position with increase in alb from
1 to 6.

Effect of fineness ratio,—The effect of chango in finenes4
ratio on the aerodynamic” characteristics of elliptic cones of
a/b= 1.5 is illustrated in figure 5. Data are compared for
body B, of -1/d=3.67 and body B, of l/d=5 tested at Mach
numbers 1.97 and 2.94. For angles of attack to mbout S0
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FIGURE3.—E&ot of change in axis ratio (a/b) on the aerodynamic oharactaristica of elliptio acnxs; l/d=3.67, MO -1.97.
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(a) Lift.
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(h) L&h’ag polar.
(c) %drag ratio. (d) Center of preaeure.

(e) Pitohing Moment.

lhGti 4.—Effect of ohauge iu ask ratio (a/b) on the nerodynamio characteristics of elliptio cones; l/d= 3.67, Mm =2,94.
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(e) ~itching moment.

l?murm fL—Effect of ohange in ilnenees ratio on the aerodpamio characteristics of elliptic cones of a/b=l.6.



.—. . _._. .. . .. . ___ _. . . . _____ _____ ______ . . . . ________ _.. _ ._

982 REPORT 1376-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

there is little eilect of fineness ratio on the lift (fig. 5 (a)).
At higher angles, however, the lift coefficients are greater for
the more slender cone (I&). For all values of Q the drag
coefficients for Bs were at least 20 percent lower than for
Ba @g. 5 (b)). It is not surprising, then, that an increase
in fineness ratio also results in substnntidy higher values of
maximum lift-drag ratio. (See fig. 5 (c).) Although the
lift, drag, and pitching-moment results were afFected by
change in fineness ratio, there w= no effect on center of
pressure, xp/l (fig. 5 (d)).

It is interesting to note that there is an effect of Mach
number on maximum lift-drag ratio- which depends upon
finenessratio. For body B2 of lJd=3.67 the matimum value
of L/D decreaseswith increase in Mach number from 1.97 to
2.94, whereas for body Bb of l/d=5 the mtium value of
L/D increases (fig. 5 (c)).

Angle of ottack, q deg

Effect of axis ratio (a/b) and arrangement for winged ellip-
tic oones.—For conical bodies alone it has been shown that USG
of elliptic cross sections results in worthwhile gains in lift
and lift-drag ratio. It is not clear, however, whether sig-
nificant gains also can be realized through the use of dli~bic
cross sections for winged conical bodies. The test results
presented in figures 6 through 9 demonstrate that important
aerodynamic advantages can be obtained through propor ar-
rangement of an elliptic body with a triangular wing.’ I?or
instance, as shown in figurw 6 and 7, gains in lift and large
gains in lift-drag ratio rewk from using M e~ptio bocly
(a/6=3) with the major axis, a, in the plane of an aspect
ratio 1 wing in preference to a circular body with the snme
wing. (Comparq results for BmW, and B,WI.) Howevw,
with the elliptic body rotated 90° so that the minor mis is in
the plane of the wing (model B3VWJ, ii loss in M&drag ratio

Drug uxfficient, Cj

Angle of ottock, q deg

o 4 8 12 16 20
Angle of ottock, a, deg

o BIWI 1.0 Angle of attack, aj deg
❑ BwW1 3.0

0 %vw ~

(a) Lift. (b) Lift-drag pohu.
(c) Lh%d.rag ratio. (d) Center of premum.

(e) Pitohing moment.

FIGWEE6.—Effect of change in a~ ratio (a/b) and arrangement on the aerodynaraio clmracteristka
of elliptic conez with wings of aspect ratio 1; M. =1.97.



ELLIFTK! CONES ALONE AND WITH WINGS AT SUPERSOhHC SPEEDS 983

Angle-of Otfack, q deg

Angle of otfock, a, deg

(a) Lift.
(0) Lift-dragmtiO.

Drag cc-efficient, Cj

.6

.0

4 Angle of ottoc~ a, deg

Awle of IMoti, a, deg

(b) LtitAdragpol~.
(d) Center of pmswre.
(e) Pitching moment.

l?mmm 7.—EiTect of change in ati ratio (a/b) and arrangement on the aerodynarr& oharaoterietics
of elliptic cones with wings of aspect ratio 1; M. =2.94.

results, The gain in L/D for BmW, and loss in L/D for
BSVWIis primarily attributable to diflerencw in drag (figs.
6 (b) and 7 (b)). Because of less wetted surface area and
hence less skin friction, BmWl has slightly lower drag at zero
lift than the other configurations. With increase in lift,
BtHWl still has the least drag, but the difference in drag .be-
tweon the models increases, resulting in a significantly higher
value of maximum L/D for BmW1 than for BIW1 or B3VW1.
J?or the same bodies with a wing of_aapect ratio 1.5 instead
of 1, the diBerences between the maximum lift-drag ratios
me dimiihed. (See figs. 8 (c) and 9 (c).) However, the
results still significantly favor a body of elliptic cross section
with the major axis in the plane of the wing.

The maximum lift-drag ratios were higher for the eiliptic
cones with major axes in line with the wings, primarily be-
muse they have less zero-lift drag and develop less-@ragdue

to lift. It is believed that the lower drag due to lift can be
attributed to less vortex drag associated with the formation
of vortices at angle of attack. From visual observations of
the flow over the models by the vapor-screen technique, it
was found that, at least for angles of attack from 0° to about
10°, the formation of vortices Das inhibited more with the
major axis of an eltiptic cone in line with a wing (model
BmWl) than perpendicular to it (model I&Wl). Vortices
appeared to separate from BWWI and BIWI at lower angles
of attack than from BmW1. It is interesting to note that,
as shown in the vapor-screen photographs of figure 20 (a) to
be discumed later, the vortices shed from BWWI and BIWI
at a= 10° appeared to be more completely formed and rolled
up than those for BmW1. As ShOWIl in figures 6 and 7, the
drag due to lift is higher for &WI and BIWI at a=lOO than
for BmW1. Apparently because of better streamlining in
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Angle of ottock, q deg Dmg “coeffici~t, ~

Angle of ottack, a, deg

(a) Lift.

(c) Ltit-drag ratio.

.4

.6

Xlo. ~
8 12 16 20

Angle of attock, a, deg

Angle of ottock, a, deg

(b) Lifkdrag pOkL

(d) Center of pressure. .
‘(e) Pitohing moment.

FIGURE 8.—Effect of ohange in axis ratio (a/b) and arrangement on the aerodynamic
elliptio cones with tige of aspect ratio 1.5; If. =1.97.

characterietica of
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Angle of attack, a, deg

Angle of oftock, q deg

Mcdel %
o BIW2
“$3HW2$
O BwW2, 3.0

Angle of ottock, a} deg

Angle of oftock, a, deg

(a) Lift. (b) Lif&drag polar.
(c) Lift-drag ratio. (d)’ Center of pressme.

(e) Pitching moment.

FIGURE 9.—Effeat of change in asis ratio (u/b) and arranjzernenton the aerodynamic characteristics
of el~ptio cones with’ ~&e of aepec~ ratio 1.5; M- =2.94.

the”crossflowplane, the vortex formation is inhibited and the
drag due to lift is reduced with the major axis of the elliptic
cone in~line~withthe wing.

COMPARISONS OF THEORETICAL AND EXPERIMENTAL PRESSURE
DISTRIBUTIONS, FORCESj AND MOMENTS I

1

In this section of the report, theoretical methods of esti-
mating the aerodynamic characteristic are assessedby com-
pmison of theoretical results with experimental data. All
comparisons are presented in figures 10 through 17 and are
discussed in the following paragraphs.

Pressure distributions and drag of ellipth cones at zero
angle of attaok,-For elliptic cones of afi of 3 and 6 (B,
and BA) theoretiwil and experimental pressure distributions
for a Mach number of 1.97 are compared in figure 10. The
pressure coefficients are plotted as a function of lateral dis-
tance, y/u, over a quadrant of each cone. The fact that the
flow was conical is verified by the multiple experimental
points at several y/a positions which were obtained at difhr-
ent longitudinal positions. The comparisons show that best
agreement of theol~ with experiment is obtained through use
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_=_ Experiment

Theory

Slender- body (refs. I and 2)
__-_ -Not-so- slender-body (ref.4)
_-—Second-order sIender-body (ref.4)

16

12

&

E
al

:.08
aJ
0v
al
29-I
:.04
2

0

-.04

(a) Model Bs.

$
(b) Model h.

Fmtnm 10.—Com@scm of theoretical and esperimentaI pressure
distributions for elliptio cones at zero angle of attack; M= =1.97.

of the second-order slender-body theory of Van Dyke (ref. 4).
Both the slender-body theory of references 1 and 2 and the
not-so-slender-body theory of reference 4 result in pressure
coefficients which are lower than those of experiment.
Rogers and Berry (ref. 9) also found the agreement of second-
order slender-body theory with experiment to be quite good
for elliptic cones having even higher ratios of a/b.

Experiment

o From force measurements

ofrom pressure distributions

Theory

>Taylor-Maccoll circular cone (ref. 13)
XTaylar-Maccoll circulor cone (ref. 13)+ turbulent

skin friction (ref. 12)
_ _Second-order slender-body (ref.4)

Second-arder slender-body (ref.4)+ turbulent
skin fr!ctian(ref.12)

+- \ I

“1 2 3 _4 5
3(b)

6
Axis rotio, ~

(a) .iif~ = 1-97.
(b) Mm =2.94.

FIQUEE 11.—Effeot of change in axis rdio (a/b)~on the zero-lift drng
of elliptic cones.

A study of the effect of change in axie ratio (a/b) on the
zero-lift drag of elliptic cones is summarized in figure 11.
The experimental results show that for these cones of equal
volume and fineness ratio the drag remains essentially con-
stant with change in aais ratio (a/b) at both Mach numbws
1.97 and 2.94. The boundary-layer flow over the modols
was mostly turbulent as shown by the sublimation results
(to be discussed later) and as indicated by drag mwwr8-
ments with and without a transition ring at the nose of
models BI and Bs. As seen in figure 11, the zero-lift drag is
adequately predicted by the addition of turbulent skin fric-
tion (ref. 12) to pi-es-suredrag calculated by seconcl-orclcr
slender-body theory (ref. 4). For the circular corm (BI) Lho
drag is also closely given by the addition of turbtient skin-
tiction drag (ref. 12) to prwsure drag by Taylor-hIaccoll
cone theory (ref. 13). It is noted that the increase in skin-
fkiction drag with increase in a/b (because of greater wet~ed
surface area) is just large enough to nullify the drng saving
from the decxeasein pressure drag.

Forces and moments for elliptic oones.—Theoretical rw.1
experimental force and’ moment characteristics for ellipLic
cones at Mach numbers 1.97 and 2.94 are compared in figures
12 and 13. Both slender-body theory (refs. 1 and 6) ,and
linearized wing theory (ref. 14) have been used in computing
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the theoretical values of lift, drag, and pitching-moment
coefficients shown. In computing the drag coefficient at
anglo of attack, the following ‘impressionhas been used:

(1)

where

This relationship results from assuming that CL varies lin-
carily with a and that there is flow separation a-longthe lead-
ing edges with complete loss of suction force. Theoretical
values of CDhave been computed by assuming dC!@a to be
given both by slender-body theory and by linearized wing
theory, As disc~ed in the previous section, the drag co-
efficient at zero angle of attack (C%) wty computed from the
addition of turbtient skin-friction drag (ref. 12) to pressure
drag by second-onler slender-body theory (ref. 4). As
shown in figures 12 and 13, the agreement with experiment
of the force and moment characteristics computed by means
of linearized wing theory is generally quite good, especially
for angles of attack from 0° to about 10°.

In figure 14 theoretical and experimental lift-curve slopes
are compared. Results are correlated by plotting the par-

K%)&)
nmeter of lift-curve slope, - ) as a function of the

.-r
ratio of leading-edge slope to Mach wave slope, f?tan ~. Ex-
cept for bodies Bs and B~at += 90° and M. =2.94, the experi-
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Fmmm 14,-Comparison of theoreticaland experimentallift-curv
slopesfor eflipticoonesat Maohnumberw1.97and 2.94.

WINGS AT SUPERSONIC SPEEDS 989

mental data agree closely with linearized (flat plate) wing
theory. Bodies B8(a/b=3) and B, (a/b=6) banked to
+=90° are very thick in tho lift direction, and at MOO=2.94
their lift-curve slopes are considerably higher than those
given by either slender-bed? or linearized wing theory.

The nonlinearity of the experimental lift and pitching-
moment curves (figs. 12 and 13), which becomes more evident
at angles of attack greater than about 10°, probably results
horn viscous cros-sflowseparation. Allen (ref. 10) has shown
that for slender bodies of revolution an allowance for viscous
effects can be computed. This is done by adding to the lift
computed by slender-body or linearized theory an additional
crossflow lift attributed to the separation effects of viscosity.
Flax and Lawrence (ref. 15) have suggested the same prc-
cedure for low-aspect-ratio wings, and the resulting expression
for lift coefficient is

(2)

where C6Cis the drag coefhcient of a two-dimensionedcylinder
of equivalent cross section placed normal to a stream at a
Mach number of Mm sin a. For the elliptic cones of this in-
vestigation, the lift is greatly overestimated by the use of
equation (2). To illustrate this fact, the lift for the circular
cone (III) computed using equation (2) is compared with
experiment in figure 12 (a). The usual circular cylinder
value of cd.= 1.2 was used. Rogers and Berry (ref. 9) in
their study of elliptic cones of higher ratios of a/b also found
that equation (2) leads to lift coefficients larger than those
given by experiment.

Although the lift and pitching-moment results of figures
12 and 13 show moderate nonlinearity with increase in o+
the data can be simply correlated as shown in figure 15.
13erethe lift and pitching-moment coefficients for the elliptic
cones are divided by the corresponding coefficients for the
equiwdent circular cone, and the ratios are plotted as a func-
tion of a. The results of the correlation demonstrate that,
in general, CL/C%l and C~/C~Blremain constant witi chmge

in a. Except for the elliptic cone of a/6=6 (&l at Mach
number 2.94, the lift and moment ratios are given reasonably
well by linearized wing theory.

EfFectof axis ratio (a/b) on maximum lift-drag ratios of
elliptic cones. —The effect of axis ratio (a/b) on the maximum
lift-drag ratios of elliptic cones can be readily computed.
From equation (1) the maximum lift-drag ratio is given by
the relation

(:).”i@ (3)

If for cones of given fineness ratio it is assumed that CDOis
constant with change in a/b (as suggwted horn the results
of the present experiments), then the relative efllciency of an
elliptic cone to a circular cone is expr-ed by the relation

(4)
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For slender-body theoly this rmtioreduces to

e=-’
(5)

since

In iigure 16,computedvaIuesof (Z/& and(l@)~/(Z/ll)MD,

are compwed with the experimental results for the cones of
fineness ratio 3.67. The computations were made with
values of CL given both by slender-body theory and linear-
ized wing theory. Since, as was shown in figure 11, the
zero-lift drag was ahnost constant with change in a/b,aver-
age experimental values of C% of 0.0S6 at .M.=1 .97 and

Eq. (3) with CL by: Experiment
——— Slender-bcdy theory o Mm= 1.97

—-—-—Linearized wing theory n Mm=2.94

3
t

2

( / A ‘- -6=2.94

I
v’

~ ~ — —
-a
—

/“
—

-
— — —

06 5 4 3 2 2 3 4 5 6 7
.

E .
.#=90° (Minor oxis”horiz)

~
.#=OO(Major axis horiz)

Axis rotio, ~

FIGURE 16.—EEeot of asis mtio (a/b) on maximum liftArag ratios of elliptio oana.
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0.073 at M-=2.94 have been used in the calculations. In
general, the agreement of theory with experiment is good,
the beat agreement being obtained with linearized wing
theory. In the lower plot of iigu.re 16, however, the com-
parisons show that the relative efficiency of an elliptic to a
circular cone caii be closely estimated by means of slender-
body theory (eq. (5)) for moderate values of a/b(of the order
of 3 or less).

Forces and moments for winged circular cones .—For a
slender wing-body combination consisting of a triangular
wing mounted on n circular cone so that their verticm
coincide, the lift coefficient is givtm by the slender-body
method of Spreiter (ref. 16) as

(6)

where

It has been shown (refk. 16 and 17) that t$e slender-body
method of Spreiter can be modified so as to give results
comparable to linearized theory. For winged circular cones
this is accomplished merely by multiplying equation (6) by
a modification factor A. This factor is the ratio of the lift
of the wing alone by linearized theory to the lift by
slender-body theory and is given by

J
(7)

By application of the factor A to equation (6), here is ob-
tained

(8)

Since the cater of pressure is at the centrcid of plan-form
area, the pitching-moment coefficient is given by tbe relation

(9)

In figure 17, theoretical and experimental force and
moment characteristic of winged circular con~ are com-
pared. Equations (8) and (9) were used to compute the
lift and pitching-moment curves, and equations (1) and (8)
to compute the liftdrag polars and ratios. The drag at zero
lift wss estimated by the addition of turbulent skin-friction
drag (ref. 12) for the entire surface to tie body pressure drag
obtained by second-order slender-body theory (ref. 4). The

agreement of the computed results with the exTerirnontal
data is good for angles of attack below about 10°. As yet,
‘the details of a theoretical method for computing the mro-
dynamic characteristics of winged elliptic cones havo not
been worked out. However, because of the close agreement
of the experimental lift and moment characteristics for
winged circular and elliptic cones at angles of attack to 10°
(figs. 6 through 9), the method for winged circular cones can
be used for winged elliptic cones.

VISUALORSZRVATIONSOF~W OVERMODE19

To supplement the force and moment results with studies
that aid in giving a physical representation of the flow,
vapor+ creen and sublimation tests were made for the models
at Mach number 1.97. Photographs and measurements of
the resulting flow patterns arepresented in iigures 18 through
22. As mentioned previously, the vapor-screen pictures
were taken with a camera mounted inside the tunnel just
downstream of the models. The picturm of the models from
the sublimation teats were taken immediately following
tunnel shutdown.

Vapor-screen results.-h the photographs of figure 18,
base views of bodies Bl, B*, and BS showing vortices am
presented for a=lOO, 15°, and 20°. For these pictures the
light plane intersected the model axis at aboutz=O.71, and
part of the flow- field was in the shadow of the model. In
figure 18a symmetrical pair of vortices is shown above each
model. These vortices, which originate at the nose, woro
observed to grow in size (and presumably strength) with
travel from the nose to the base. At mch axial length
position, it was found that the sizes and positions of the
vortices relative to the body cross section were practically
the same. In @e 18 it is seen that the sizes of the vortex
regions increase with increase in a from 10° to 20°. The
vortex regions also flatten out and move outboard relative
to the body vertical center line with increase in a/babove 1.
- The photographs of figures 19 (a) and 19 (b) are presented
in order to demonstrate the effect of angle of bmk on tho
vortex regions associated with elliptic cones at a= 16° and
20°. For all casea studied, as the models were banked from
4=0° to @=–45° the right vortex region appeared to
flatten out and lie nearer to the body surface.

In figure 20 pictures of vortex patterns for tho winged
cones of aspect ratio 1 (JZW1,B~W1,ad BwWJ are*OWL
These pictures were taken with the light plane at about the
base of each model. As for the elliptic cones without wings,
the vortex regions above the winged cones inorease in size
with increase in a from 10° to 15°. With a kept constant
at 15°, the right vortex regtionflattens out and moves nearer
to the model surface with change in # from 0° to —46°
(fig. 20 (b)). Comparison of these pictures with those for
the bodies alone shows that the addition to o body of even
low-aspect-ratio wings results in considerable outboard and
downward movement of the vortex regions; for instance,
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compare the pictures for B1 in figure 18 with those for
BIWI in figure 20. From these observations, it appears that
body vortex interference with a vertical fin or air-breathing
engine mounted ubove a body can be reduced by extending
low-aspect-rntio wings all the way to the nose.

What is believed to be secondary vortex flow below and
outboard of the main vortex regions is indicated in some of
the photographs of the models at a=20°. This is especisly
evident for model BmWl at a=20° in figure 20 (a). This
secondary vortex flow also has been observed for delta wings
at supelxonic speeds by Drougge and Larson (ref. 18).

Sublimation technique resnlts.-’lhnsition, separation,
and vortex regions for models Bl,”Bj, and Bs are shown in
the photographs of iigge 21. Top, side, and bottom views
for the models at an angle of attack of 15° are presented.
As seen in the bottom views, the boundary-layer flow over
the models was mostly turbulent, the laminar region being
limited to the white area near the nose. In the side views a
line indicating flow separation is shown for each model, and
in the top views symmetrical vortex traces are visible.
Although not clearly evident in the pictures, the separation
lines and vortex traces extended almost linearly from the
nose to the base of each model. Measurements of the sycn-

metrical separation and vortex positions at the base of all of
the body models of l/d=3.67 were taken. In figure 22 the
separation and -vortex positions are plotted as a function of
a/b. It is seen that for a/b=l.5 with the model banked 90°
so that the minor axis is horizontal, the separation lines and
vortex traces are close together and near the top of the body.
With the model unbanked (4=0°) so that the major axis is ,
horizontal, the separation and vort= positions are farther
apart and nearer the sides of the body. For unbanked cones
with a/b greater than 3, the flow separation positions are
essentia~y at the sides of the body, and the vortex traces
are about midway between the sides and the top.

CONCLUSIONS

Aerodynamic characteristics of elliptic cones alone and
with triangular wings have been measured for Mach numbers
1.97 and 2.94 at a Reynolds number of 8X10e, based on
model length. Cones having fineness ratios (l/d) of 3.67
and 5 and cross-sectional axis ratios (a/b) from 1 through 6
have been considered for angles of bank of 0° and 90°.
In addition, a study has been made of cones of lld of 3.67
and a/bof 1 and 3 in combination with wings of aspect ratio
1 and 1.5. An analysis of the results has led to the follow-
~g ~ncl~io~:

1. Pressure dis&ibutions over elliptic cones at zero inci-
dence can be computed reasonably well by means of Van
Dyke’s second-order slender-body theory.

2. For a cone of given fineness ratio at zero lift, the pres-
sure drag decreases with increase in cross-sectional axis
ratio a/b. However, with a turbulent boundary layer, the
skin friction increases enough that the pressure plus skin-
friction drag remains practically constant with igorease in
a/b. The foredrag can be computed accurately by the addi-
tion of theoretical skin-fiction drag to preswre drag pre-
dicted by second+rder slender-body theory.

3. With the major cross-sectional axis horizontal, increases
in axis ratio a/b result in large gains in lift and liftdrag
ratio. These gains can be computed reasonably well by the
use of linearized wing theory.

4. For a given cross-sectional axis ratio a/b, the lift-drag
ratio increases with increase in equivalent fineness ratio.

5. For wing-body combinations, a body with an elliptic
cross section instead of a circular &oss section appears aero-
dynamically advantageous. With triangular wings (aspect,
ratio= 1, 1.5) mounted on cones (1/d= 3.67) so that their
vertices coincide, higherlift-drag ratios result from an elliptic
cross section with major axis in line with the wings than
from a biicuhr cross section. However, a decrease in lift-
&% ratio restits from an elliptic cross section with the minor
axis in line with the wing.

6. For the cones alone and with triangular wings, shifts
in center of prewwe with changes in angle of attack and
Mach number are very small.

7. For winged circular cones, the theoretical results of
~ACA Rep. 962 can be modified to give good agreement with
experimental results for angles of attack below about 100.
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